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23
Brewing lager beers from unmalted sorghum traditionally requires the use of high 24 temperature mashing and exogenous enzymes to ensure adequate starch conversion.
25
Here, a novel low-temperature mashing system is compared to a more traditional 26 mash in terms of the wort quality produced (laboratory scale) from five unmalted 27 sorghums (2 brewing and 3 non-brewing varieties). The low temperature mash 28 generated worts of comparable quality to those resulting from a traditional energy 
Introduction
43
Brewing lager style beers using predominantly unmalted sorghum requires the use of 44 exogenous mash enymes and specific mashing schedules tailored to the conversion of 45 sorghum starch. This is in part due to the high gelatinisation temperatures of sorghum 46 starch (Espinosa-Ramírez, Pérez-Carillo & Serna-Salvídar, 2014) which typically 47 require that mash is first heated to a high temperature (e.g. 95°C) in order to fully 48 gelatinise the starch, followed by cooling and addition of exogenous mash enzymes to 49 assure breakdown of starch to sugars. Production of Western-style beers with 50 sorghum is currently limited to the use of light-skinned, low polyphenol sorghum 51 cultivars. Traditional sorghum beers are usually produced using brown or red skinned 52 sorghum cultivars (Lyumugabe, Gros, Nzungize, Bajyana, & Thonart, 2012) . Use of 53 darker skinned, high tannin cultivars in brewing is thought to result in inhibition of 54 mash enzymes and an objectionable increase in product bitterness (Kobue-Lekalake, 55 Taylor, & de Kock, 2007; Novellie, 1981) . However, some workers have suggested 56 that the use of high-tannin sorghum cultivars is responsible for only a minor increase 57 in bitterness, not detectable by all panellists (Daiber, 1975) . In addition, the impact of 58 polyphenols on saccharification has also been disputed in mashing using sorghum 59 malts (Dufour, Melotte, & Srebrnik, 1992) . It has been suggested that the reduced 60 saccharification of some sorghum malts is due not to polyphenols, but to starch 61 characteristics and poor diastatic potential (Dufour, Melotte, & Srebrnik, 1992) .
62
As new enzyme blends become available which enable lower temperature mashing 63 conditions to be employed, it is of interest to study how this impacts on the brewing 64 performance of different sorghum cultivars. Furthermore, in some regions the 65 objective to brew with locally produced raw materials can make it of interest to use 66 varieties previously considered as sub-optimal for brewing, but which show good agronomic performance. In the present study, five sorghum samples were sourced: 68 two brewing cultivars (yellow (Nigeria) and yellow (Cameroon)) and three forage 
Starch content
95
Starch content was determined using a Starch (GO/P) Assay Kit (Sigma STA20).
96
Whole grain samples (10 mg and 50 mg respectively) were finely milled in a coffee 97 grinder and used with the kit alongside a wheat starch standard (10 mg). To remove 98 non-starch sugars from the sample before analysis the samples were incubated at 99 85°C for 5 min then washed twice in 80 % (v/v) aqueous ethanol solution. To allow 100 the kit to act effectively upon sorghum's resistant starch, 2 mL dimethyl sulphoxide 101 (DMSO) was added to each sample prior to analysis; these were then incubated in 102 boiling water for 5 min. 
Cellulose and hemicellulose
104
Ion chromatography was used to determine monomeric sugars in acid hydrolysed 105 samples, whilst HPLC was used to determine sugar degradation products produced.
106
Cellulose was estimated as the sum of glucose and hydroxymethylfurfural (HMF) 107 minus determined starch. Hemicellulose was estimated as the summed concentrations 108 of xylose, arabinose and furfural. Samples (60 mg) were weighed into heat resistant 109 screw-capped (with PTFE seal) glass tubes. 12 M H2SO4 (2 mL) was added and the 110 contents incubated at 37°C for 1 h. Water (22 mL) was added and the sample was 
Ion Chromatography Analysis
115
Sample (10µL) was injected onto a Dionex CarboPac20 column (3 mm x 150 mm) 116 coupled to a Dionex ICS 3000 with an electrochemical detector (Dionex, California, 117 USA). The samples were eluted isocratically with degassed 10 mM NaOH at a flow 118 rate of 0.5 mL/min running at around 3000 psi. Compounds were detected using an 119 electrochemical cell over a 30 min run time. The column was regenerated after each 120 sample run by flushing with 200 mM NaOH at 0.5 mL/min for 10 min. 
146
Quantitation was achieved with Eager 300 software using an L-aspartic acid standard.
147
Protein was determined using the N x 6.25 conversion factor. Samples were analysed 148 in triplicate. 
Ash
150
Ash content was determined according to the method proposed by Santos, Jimemez, 151 Bartolome, Gomez-Cordoves, & del Nozal (2003 (Iiyama & Wallis, 1990) , as it was necessary to firstly remove tannin 159 from the grain. Tannin was washed from the milled sorghum grain using a method 160 adapted from Morrison, Asiedu, Stuchbury, & Powell (1995) . Milled sorghum (100 added. Sample volume was adjusted to 10 mL with glacial acetic acid and then transferred to quartz cuvettes for analysis at 280 nm using a spectrophotometer.
179
Lignin content was calculated using the standard curve detailed. Four analyses were 180 performed for each sample. 
Tannin
182
Sorghum grain tannin content was determined using the Vanillin-HCl method (Price, 183 Vanscoyoc, & Butler, 1978) . Milled Sample (200 mg) was weighed into a 
Enzyme extraction
192
Enzyme extracts for both assays were produced using a Megazyme Betamyl-3 kit (K-193 BETA3; Megazyme, Co. Wicklow, Ireland). Grain sample was milled using a DLFU 194 laboratory disc mill using the EBC fine setting. Milled grain (0.5 g) was weighed into 
Determination of α-amylase and β-amylase
201
Amylase activities in sorghum flour extracts were assayed using Megazyme test kits 202 (Megazyme, Bray, Ireland) and standard methodologies. α-amylase was determined using the Ceralpha kit (K-CERA) whilst β-amylase was determined using the 204 Betamyl-3 kit. Five replicate samples were analysed in each case. 
Estimation of grain hardness and 100 grain weight
220
Grain hardness was indirectly determined according to the sodium nitrate method of 221 grain floatation (Hallgren & Murty, 1983 settle for 1 h. Tubes were centrifuged at 760 x g for 10 min. The supernatant was 241 discarded and protein (grey material) was scraped from the top of the pellet using a 242 metal spatula; samples were washed with excess water until the pellet was white.
243
Recovered starch was dried at 40°C for 24 h. typically quoted for sorghum cultivars (Earp, Akingbala, Ring, & Rooney, 1981) .
362
Increased tannin content in sorghum has been linked to a number of issues during 363 brewing, mostly attributed to the ability of tannins to bind proteinaceous material.
364
Tannins have been found to negatively impact the diastatic power of sorghum malts 365 through amylase binding (Beta, Rooney, Marovatsanga, & Taylor, 2000 α-amylase activity was only detectable at low levels in the white sorghum from 378 Nigeria (Table 1) . This is not surprising as α-amylase is mainly produced 24-36 h 379 after the onset of germination and is not thought to be present in the grain before this 380 (Aisien & Palmer, 1983) . The activity of β-amylase was either not detectable, or 381 present at very low level (Table 1 ). This finding is in agreement with the current 382 literature which suggests β-amylase in sorghum grain is either not present or is 383 present with limiting quantities (Taylor, Dlamini, & Kruger, 2013 usually associated with the centre of the sorghum caryopsis (Rooney & Miller, 1981) . with Rhodamine B was used to confirm the identity of these structures as protein (data 412 not shown). These are probably prolamins, the storage protein that accounts for 60-70
413
% of sorghum protein (Duodu, Taylor, Belton, & Hamaker, 2003) .
414
In agreement with prior literature (Seckinger & Wolf, 1973) , protein bodies were 415 abundant towards the endosperm periphery, becoming less so in the corneous endosperm and floury endosperm. In the corneous endosperm, spherical protein 417 bodies were concentrated between starch granules (e.g. Figure 2E ). Starch granules in 418 corneous endosperm were less spherical and irregularly shaped ( Figure 2E ). analysed ( Figure 3C and Palmer, Etokakpan, & Igyor, 1989) .
469
The red sorghum sourced from Mexico had the lowest gelatinisation peak tempeature
470
(68.9°C) whilst the other sorghums gelatinised at higher temperatures (peak 471 temperature 72.9-74.5°C) Interestingly, an association was observed between starch 472 amylose content and peak gelatinisation temperature (Tables 1 and 2 ). This is in comparison of DSC analysis of sorghum flour and sorghum starch in Table 2 .
477
Gelatinisation of isolated sorghum starches was achieved at a lower value than their 
Laboratory mashing of unmalted sorghum samples
484
Each of the five sorghum samples were mashed using both the high and low 485 temperature mash schedules depicted in Figure 1 . Analytical data for the resulting 486 wort samples is presented in Table 3 , alongside post-fermentation data indicating 487 ethanol yield and fermentability when each wort was fermented at laboratory scale.
488
Together these data enable the brewing value of the worts to be appraised, with 489 reference both to the efficacy of the novel low temperature mashing schedule and also 490 to the impacts of sorghum grain composition and structure on the mashing process.
491
Hot water extract (HWE) is a key indicator of brewing efficiency. It represents the 492 proportion of grist material solubilised during mashing and is calculated based on the 493 extract content of wort (expressed in°Plato) and the amount of dry matter in the grist.
494
The yellow (Nigerian) brewing sorghum had the highest HWE (82.6%; Table 3 ) using (Table 2) . Furthermore the
510
Ghanaian sorghum had the lowest starch content of all of the samples (49.3% db;
511 Table 1 ).
512
Whilst extract is an important economic consideration, the brewer also needs to 513 understand the value of that extract for alcohol production through fermentation. This is appraised here in terms of the individual and total amounts of fermentable sugars 515 generated in wort. Whilst some of the forage sorghums performed reasonably well in 516 terms of extract potential, the known brewing cultivars resulted in significantly higher 517 total fermentable sugars using either mashing schedule (Table 3) . Interestingly, the 518 yellow Nigerian brewing cultivar gave the highest fermentable sugars yield using the 519 high temperature mash schedule, but was exceeded in this regard by the other 520 (Cameroonian) brewing variety when mashed using the low temperature regime.
521
Furthermore, all cultivars yielded higher amounts of fermentable sugars using the low 522 temperature mash schedule relative to equivalent data for the high temperature mash.
523
The profile of fermentable sugars in wort is principally determined by the enzymes 
532
It has been suggested that tannins can be involved in amylase binding and inactivation 533 (Okolo & Ezeogu, 1996) . Review of the present data set fails to support this 534 hypothesis, with analysed tannin levels ( that starch characteristics had a lesser impact on mashing efficiency in this case.
549
The Free amino nitrogen (FAN) content of worts produced (44-94 mg/L; Table 3) 550 were comparable to published data for worts produced from 100 % unmalted sorghum 551 grain (e.g. 51 mg/L; (Bajomo & Young, 1993) to be required for efficient yeast cell fermentation (Pierce, 1987) . Worts produced 557 from the Mexican red sorghum and the white variety from Nigeria gave higher FAN 558 worts than did the brewing cultivars. However, they would sill be considered FAN 559 deficient relative to a barley malt wort (e.g. 158 mg/L; Bajomo & Young, 1993) .
560
Worts produced using the Ghanaian sorghum had significantly lower FAN contents as 561 compared to other worts when using either enzyme system. Since this variety had a 562 similar protein content to the other agricultural varieties ( survival of β-glucan in the wort (Steiner, Becker, & Gastl, 2010) . Interestingly, these 571 two varieties were both of characteristically low amylose content ( in this research were only run through a filter paper, it is possible that turbidity may 574 not be an issue in at industrial scale using a mash filter. 
Laboratory scale fermentation trials
576
Worts produced from five different sorghum cultivars were fermented at small scale 577 (100 mL). The fermentations of the low-temperature mashed worts displayed higher 578 final alcohol contents (% ABV) as compared to those of the high-temperature system 579 (Table 3) although they took significantly longer to reach attenuation (final gravity).
580
In addition, fermentations of low-temperature mashing were lower in residual extract 581 and FAN content, suggesting a proportionately greater utilisation of wort components.
582
Despite the fact that worts produced using the low-temperature system contained The worts of the Mexican sorghum and agricultural white sorghum (Nigeria) from 595 low-temperature mashing were of comparable fermentability and final alcohol yield to 596 those produced using brewing cultivars. This was despite them having a lower starch 597 content in the original grist (Table 1) .
598
The results obtained here suggest that worts produced using the low-temperature 599 mashing system can result in fermentation alcohol yields comparable to the high-600 temperature mashing system. In addition, the low-temperature system appeared less 
A) B)
Figure 2 Scanning electron micrographs showing: Longitudinal cross section through an entire caryopsis of A) yellow sorghum from Nigeria and B) white sorghum from Ghana. C) the border between floury and corneous endosperm in the yellow (Nigeria) sample D) High magnification image of the floury endosperm of yellow Nigerian sorghum E) corneous endosperm of the white Ghanaian sorghum and F) a starch granule isolated from the white sorghum originating in Ghana, labelled with (i) protein body and (ii) indentation. 
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